Introduction
The air pollution is known to have a range of adverse effects on human health in the form of, for example, renal, cognitive, respiratory and cardiovascular diseases (Kampa and Castanas, 2008; Brook, 2008; Power et al., 2011; Arbex et al., 2012; Weuve et al., 2012; Mehta et al., 2016) . Among all the pollutants, the particulate matter (PM) is the one with the greatest health impact on the human health (WHO, 2006) and therefore is the focus of this study. The inhalable fraction of PM, which is PM 10 , can be divided into coarse (PM 2.5-10 ) and fine particles (PM 2.5 ). The fine particles also contain particles below 100 nm, which are referred to as ultrafine particles, PM 0.1 (Kumar et al., 2014; Seinfeld and Pandis, 2016) . The ultrafine particles are known to have much greater health impacts than their larger counterparts (Martins et al, 2010; Kumar et al., 2011) . The fine particles reach the alveoli while ultrafine particles can translocate from respiratory epithelium towards circulation and reach organs such as heart and brain and cause adverse effects (Elder et al., 2006; Heal et al., 2012) .
The susceptibility to air pollution varies with different age groups, socioeconomic status, and pre-existing health conditions (Pope, 2000; Peled, 2011; Olmo, 2011) . The elderly among the other population groups are ageing faster worldwide, especially in the MASP (Alessandri and Maeda, 2011; United Nations, 2015) . The air quality standards for PM 2.5 or PM 10 may not be safe for elderly people and even exposure to much lesser concentrations, compared with the younger age groups, could lead to much higher health risks in elderly because of their lower immunity and less efficient respiratory system (Saldiva et al., 1995; Gouveia and Fletcher, 2000; Peled, 2011; Olmo et al., 2011; Arbex et al., 2012) . For example, past studies suggest association of PM and its compounds with health problems in the elderly such as the acute respiratory inflammation, pneumonia, asthma chronic obstructive pulmonary disease, autonomic cardiac dysfunction, renal and cognitive deficit, and cardiovascular and respiratory mortality (Saldiva et al., 1995; Liao et al., 1999; Simoni et al., 2003; Holguín et al., 2003; Gonçalves et al., 2007; Halonen et al., 2009; Power et al., 2011; Nascimento, 2011; Weuve et al., 2012; Han et al., 2016; Mehta et al., 2016) .
In Metropolitan Area of São Paulo (MASP), an ever increasing rate of air pollution due to road vehicles and industries pose significant health risks compared with its surrounding suburban areas . For example, outdoor PM 2.5 was found to be associated with 10,000 deaths per year in the MASP (Miranda et al., 2012) . However, there is no parallel information about the effects of indoor PM on public health, especially the elderly. This aspect is therefore taken for investigation in this work.
There are uncertainties about the health risk estimates associated with exposure to indoor PM (Lianou et al, 2007 ) since most of the epidemiological studies are focused on outdoor particles. The urban inhabitants spend up to 90% of their time indoors at home, work or elsewhere (Brown, 1997; Klepeis et al., 2001) . Moreover, the concentrations of different PM types vary depending on the type of indoor environments and the quality of the outdoor air surrounding them (Kumar and Morawska, 2013; Salthammer et al., 2016) . There is a need to characterise the PM concentrations in indoor environments such as the elderly residence that are considered for assessment as part of this work.
The recent estimates suggest an increase in the number of elderly worldwide from 12.3% in 2015 to 21.5% in 2050 (United Nations, 2015 . In particular, Brazil is the 5 th most populous country in the world and almost 30% of its population is expected to cross 60 years, and 6.7% over 80 years, by 2050 (United Nations, 2015 . Past research in Italy has reported that the elderly people spent significantly more time at home than the other age groups, mainly due to reduced outdoor activities and thereby get exposed to harmful indoor air pollutants for more time (Simoni et al., 2003) . For this reason, measurements in such residences are extremely important to assess their air quality. While the toxicological and epidemiological studies present evidence of health effects for PM mass concentration (Elder et al., 2006; Kampa and Castanas, 2008; Brook, 2008; Arbex et al., 2012; Heal et al., 2012; Power et al., 2011; Nascimento, 2011; Olmo, 2011; Weuve et al., 2012; Han et al., 2016; Mehta et al., 2016) , the effects of different particle sizes on human health still require exhaustive assessments. The knowledge of their exposure doses is, therefore, important and is also covered within the scope of this present work.
As summarized in Table 1 , there are limited studies worldwide that focus on the size-resolved particles in indoor environments and most of the focus usually remains on PM 10 and PM 2.5 (Chao and Wong, 2002; McCormack et al., 2008) or include PM 1 at the maximum (Jones et al., 2000; Goyal and Kumar, 2013; Viana et al., 2014) . Studies for indoor elderly environments focusing on size-segregated particles are yet limited. For example, Holguín et al. (2003) measured PM 2.5 mass concentration for 24 h in an asylum in Mexico. They reported that PM 2.5 can interfere with the cardiac frequency of the elderly. Osman et al. (2007) measured PM 2.5 mass concentration for about 14 h in residences in North East Scotland. They discovered higher levels of association of PM 2.5 with the worst chronic obstructive pulmonary disease in these elderly. However, the analysis of the different size of PM in the elderly residential environments, covering a full 24 h diurnal cycle, has not studied in the past studies.
In the best of our knowledge, this is the first study in Latin America that focuses on understanding the size-resolved particles and their exposure doses in the elderly residences.
We carried out comprehensive measurements in 59 elderly residences to (i) quantify sizesegregated PM mass concentration in indoor air of these residences, (ii) assess the influence of outdoor meteorological conditions on the indoor PM concentration, (iii) understand the relationship between the indoor and outdoor (I/O) PM mass concentrations, and (iv) estimate the respiratory deposition doses (RDD) of the size-segregated particles.
Methodology

Site description
The MASP is situated in the State of São Paulo in Brazil (Figures 1a-b) . The MASP has a population of about 21 million and is the 12 th major agglomeration of the world (IBGE, 2016; City Population, 2016) . This agglomeration includes the city of São Paulo with almost 12 million people (IBGE, 2016) . The pollution levels in the MASP are amplified by weather conditions (e.g., thermal inversion, light winds, little precipitation and high levels of solar radiation) that inhibit the dispersion of pollutants during the winter season between June and September (CETESB, 2016).
The fixed-site air quality monitoring in MASP is made by automatic monitoring network, run by the Company Environmental State of São Paulo (CETESB). The CETESB is a governmental organization, responsible for certifying the quality of air and water in São
Paulo. About 87% of the air pollution monitored in the city of São Paulo comes from more than 8.2 million vehicles (CETESB, 2015; DETRAN, 2016) . A number of interventions have already been taken to reduce the pollutant concentrations in the MASP but the outdoor levels of PM concentrations still remain over the local standards during most of the time .
More than 12% of people living in the city of São Paulo are 60 or more years older; this percentage is growing year after year (Alessandri and Maeda, 2011) . In this study, the people are considered as elderly when they cross 60 years of age. We had 60 elderly volunteer who participated in our work (Section 2.2); none of them were nursing home dwellers. The most part of the elderly population in Brazil lives in their own or relatives residences. For example, more than 64% of the elderly are responsible to financially support their residences in the Brazilian familiar structure (IBGE, 2000) . Moreover, the nursing of elderly is through private care that is very expensive and affordable only by very few elderly while the majority of financially deprived or homeless elderly live in adverse conditions (Quiroga, 2007) . Both of these categories of elderly did not meet our volunteer selection criteria (Section 2.2).
Activities by the residents inside their residences contribute to increased concentration of pollutants indoor (Ferro et al., 2004) . In addition, the elderly population does not open their windows often. In this way, the environmental exposure in elderly residences differs from the other age groups because the elderly spend most of their time inside their residences (Section 2.2) while the other age groups spend much of their daytime away from their residences (e.g., children staying in school and adults at the work). Figure 1c shows the location of elderly residences in the MASP. A total of 60 samples were collected from 59 elderly residences. These samples were collected from the cities of São Paulo (57), Osasco (2) and Embu das Artes (1), all belonging to MASP. The sampled areas cover more than 62% of the population of the MASP, which has the highest proportion of elderly compared with the rest of the city (Alessandri and Maeda, 2011; IBGE, 2016) .
Therefore, our study region represents the area with the highest density of the elderly. Out of the total 59 residences studied, 37 were apartments whereas 22 were detached houses; most of this residences were a single story built at the ground-level. All these residences were naturally ventilated where the wind and buoyancy-induced flow transported the outdoor pollutants to indoors through open windows and doors. In São Paulo, only a few richest people have central heating or cooling system and less than 2% of the population have air conditioning in their residences (IBGE, 2004) . All the MASP residences use liquefied petroleum gas in individual cylinders or piped natural gas for cooking purposes. The residences use electricity, mainly hydroelectricity, for heating as well as hot water for shower.
Study design
This study was carried out within the framework of FAPESP funded project (2010 / 10189-5), which intends to quantify the effects of environmental parameters (weather, thermal comfort), air pollution and climate change on the geriatric population of São Paulo. Only the elderly that passed all these conditions were selected to participate as our volunteers.
Thus, the studied residences chosen were those where the approved volunteers live.
Initially, we had 88 elderly volunteers. Of which, 11 did not pass in at least one of our criteria and another 14 dropped out due to their sick health. This left 63 elderly houses for our measurements; 3 of them had an error in data set leaving a legitimate data set of 60 elderly.
We placed Personal Cascade Impactor Sampler (PCIS) for the collection of size-segregated samples in the living rooms of 60 elderly for 24 hours in each case (Section 2.3). We collected 60 samples from 59 elderly residences because two volunteers were living in the same residence. Out of 59 elderly residences, six of these residences have a smoker resident (Table   2 ). There were 47 female and 13 male volunteers in our 60 elderly; this proportion was expected given that the MASP has relatively more female than male elderly (30%; Alessandri and Maeda, 2011). These 60 elderly stayed 79% (19.0±2.2 h) of total 24 h of time inside their residences, which is up to ~13% higher time than the elderly studied in Italy (Simoni et al., 2003) . These elderly are 73.9±5.7 years old and the oldest is a female 87 years old.
Instrumentation
We sampled the PM data with the PCIS, which is a miniaturised cascade impactor. It Figure S1 and its further description can be found elsewhere (Misra et al., 2002; Sioutas, 2004) . To ensure that the particles are separated precisely in these size-bins, the PCIS must be used with a Leland Legacy Sample Pump (SKC Inc., Cat. No. 100-3000), which runs at a sample flow rate of 9 L min -1 . The PCIS is optimised for this flow rate for 24 h (Sioutas, 2004) . The particles were collected on a 25 mm
Teflon filter above the cut-off points for A, B, C and D. In order to gather PM <0.25 (E), the PCIS used a 37 mm Teflon filter (SI Figure S2 ). Teflon is preferred for collecting such particles since this does not interfere with gravimetric analysis and chemical composition (Misra et al., 2002) .
Past validation tests have shown that PCIS can collect up to 3.6 mg of fine particles and 0.7 of coarse particles (Sioutas, 2004) and that there is no efficiency loss in the measurement of PM up to 10 µm in environments that have the wind speed up to 2.2 m s -1 (Singh et al., 2003) .
The PCIS is small and lightweight and can be hung on a person's clothing collar (SI Figure   S1 ). However, the elderly found inconvenient to carry both the PCIS and the pump due to noise and weight of the pump. For this reason, we placed the PCIS inside their living rooms, where elderly people spend the majority of their daily time, at a height of between 0.5 and 1.0 m. Since elderly spend 79% of their total daily time in their residences, our measurements can be considered representative of their indoor exposure.
In order to circumvent contamination and maintain the quality assurance and precision of our measurements, we made an ultrasonic cleaning in the PCIS before each measurement to avoid contamination of samples from one residence to another. We calibrated the pump before each measurement to avoid variations in the flux with the time of continued use. We also evaluated blank filters (without sample) for all the handling processes and measurement to assess any sign of contamination.
Data collection and analysis
The samples were collected between a period of May 2014 and July 2015, as per the availability of the elderly volunteers. The samples were collected in March (5), April (6), May (9), June (13), July (15), September (1), October (6), November (4) and December (1). A total of 31 samples were collected in 2014 and the rest of the 29 samples in 2015. In each case, the sampling started during the morning in different hours in accordance with the availability of the elderly, continuously for 24 h in each residence, except for one residence where two elderly were volunteers; we made two measurements on two different dates in this residence.
The PM mass concentrations collected on the samples were weighed using a gravimetric method that had a precision scale of 1 µg (MX5; Mettler-Toledo, Columbus, OH, USA).
These weights were taken in a room with controlled environmental conditions that had a temperature of 22±2°C and relative humidity (RH) of 45±3%. For obtaining the PM 10 and PM 2.5 mass concentration, we sum the mass concentration of impaction stages A-E and B-E, respectively (Section 2.3).
In order to understand the behaviour of size-segregated PM mass concentration in elderly residences, we carried out a cluster analysis by grouping our data. The cluster analysis is used to group a set of data; for example, the data with similarity patterns stay in the same group and referred as a cluster (Wilks, 1995; Maimon and Rokach, 2010) . We put the elderly residences with a similar profile of size-segregated PM in one of the clusters by using the R package "Cluster", which is an open-source statistical tool, for partitioning (clustering) our data into 5
clusters (Kaufman and Rousseeuw, 1990) . We apply this partitioning method in 59 residences.
The residence #27 is not added in this analysis due to being an outlier with a significant higher PM mass concentration (Section 3.1); otherwise, this could have added far greater weight in the cluster and falsify the representativeness of the groups.
We also calculated the shortest distance between each of the 60 sampled residences and the 27 fixed-site outdoor official air quality monitoring stations (run by the CETESB) in the MASP to find out the closest station to the sampled residences and compare them with the measured indoor concentrations on the same date. The atmospheric concentrations of PM 2.5 and PM 10 from CETESB were obtained by beta continuous ambient particulate monitors (Thermo Scientific 5014i, Electron Corporation, USA).
Estimation of exposure doses
We calculated the total respiratory deposition doses (RDD) in the respiratory tract of elderly using the Eq. (1), as used by earlier studies Kumar and Goel, 2016 ):
where is a tidal volume (m 3 per breath), is the typical breath frequency (breath per minute), is deposition fraction of a size fraction i, and PM i is the mass concentration in different size fractions. The DF is estimated using the Eq. (2), given by (Hinds, 1999) , as: 
where d P is the mean diameter and IF is given by Eq. (3), given by (Hinds, 1999) , as:
The values of VT and f depend on the person gender and physical activity (Hinds, 1999 (Hinds, 1999) . Figure 2 shows the mass concentration of PM 10 and PM 2.5 in elderly residences and the percentage in each of the PCIS stages present in PM 10 ( Figure 2a ) and PM 2.5 ( Figure 2b ). Fine particles were found to dominate (77.8%) of total PM 10 mass concentrations inside the elderly residences, leaving a difference of 22.2% for coarse particles (see A in the pie graph, Figure   2a without the sample #27). The fraction of fine particles inside the elderly residences is much higher (~18%) than those in the outdoor environment of the MASP where PM 2.5 contribution to PM 10 is ~60% (CETESB, 2015) . On the other hand, the PM <0.25 is a dominant fraction of fine particles, contributing up to about 50% of PM 2.5 (Segalin et al., 2016) , suggesting their origin from fuel burn by vehicles. Results of our previous work showed that the black carbon measured by reflectance (rBC; tracer of fuel combustion) was more than 26% of the PM <0.25 measured in these elderly residences. These results indicate a significant contribution from vehicular emissions inside our studied residences due to the majority of them being close to streets with intense road traffic (Segalin et al., 2016) .
Results and Discussion
Size-segregated PM mass concentration
The distribution of PM in elderly residences is asymmetric, except for PM 0.5-1.0 , with a greater variability in PM <0.25 (Figure 3a) . For example, our mean PM 10 and PM 2.5 were found to be 35.2 and 27.4 µg m -3 , respectively ( Table 2 ). The mean mass concentration of PM <0.25 was found to be 13.6 µg m -3 , which is 1.7-times higher than the coarse particles (PM 2.5-10 ; Table   2 ). Comparisons with the literature indicate our mean PM 2.5 (27.4 µg m -3 ) to be lower than those found in an indoor asylum in City of Mexican (35.1 µg m -3 ; Holguín et al., 2003) . Since the asylum building was smoke-free, Holguín et al. (2003) speculated that the high PM 2.5 mass concentration come from diesel buses that were parked close to the asylum. Likewise, the mean PM 10 and PM 2.5 in our studied elderly residences were also found to be lower than those in indoor children residences (Table 1; McCormack et al., 2008) , mainly due to cooking and more frequent smoking than those in elderly residence. Our PM <0.25 mass concentration was similar to those found in indoor schools (Viana et al., 2014) , as summarised in Table 1 .
The smoking-free environment in both these studies was a similarity that might have made our results comparable but we could not find any other specific reason behind this coincidental similarity.
The pie graph in Figure 2 shows the percentage of each PCIS stage in PM 10 and PM 2.5 , with and without the sample #27. There is a significant difference in mean concentrations when we considered sample #27 (see pie graph with sample #27 in Figures 2a and 2b ). This sample is highlighted in Figure 3b due to its highest mass concentration to PM 10 , PM 2.5 (highlighted in red colour in Figures 2a and 2b ) and PM <0.25 (Figure 3b ) that changes the overall mean of proportions, mean and standard deviation of mass concentration significantly (Table 2) . For example, almost 90% of contribution for PM 10 in sample #27 came from PM <0.25 and 8% from PM 0.5-0.25 (Figure 3b ). The mean difference between mean mass concentration for all fractions of PM, with and without sample #27, was higher for the fine particles, especially PM <0.25 . The sample #27 increased 23.7% in PM <0.25 mean mass concentration but showed a little influence on the mean of coarse particles and PM 1.0-2.5 .
The highest concentrations in sample #27 point to an interesting source. This residence was next to a construction site where the construction activities were active during the measurement period, indicating an escape of particles from this site and infiltrating from outdoor to indoor in this residence through openings of doors (and windows) during their movement in and out from the home. These results also show that the mass concentration of fine and coarse particles from the construction can appreciably change. found that PM 10 and PM 2.5 in constructions can be until 120% and 11% higher during the work than no work, respectively. They showed that PM 10 and PM 2.5 mass concentration decreased with the increase of the distance of the emission from construction and, in a few 100 m the mass concentration can be half of its value. However, the residence #27 was about 50 m away from the construction, what can explain the high mass concentration inside the residence. The differences between indoor coarse and fine particles (Figure 3b ) could be due to the much faster exponential decay rate of PM 10 compared with PM 2.5 .
Furthermore, windows were closed during the construction inhibiting the penetration of coarse particles, but very fine particles (PM <0.25 ) could still infiltrate indoors through the residential shells such as cracks and fissures (Abt et al., 2000) . The effects of traffic influence in sample #27, compared with the rest of the samples, can be disregarded because of the lowest proportion of rBC (i.e., 0.9% of the PM <0.25 mass) being found in this sample (Segalin et al., 2016) . We also investigated the influence of cigarette smoking in indoor elderly residences since such a smoke can contribute notably to very fine particles (e.g., PM <0.25 ) than residences without a smoker (Table 2) . We have about 10% residence with a smoker during the measurement (Table 2) . However, there were no smokers during the measurements of sample #27, eliminating the effect of smoking as a reason for high PM <0.25 .
We used both the CETESB (2015) 
Influence of outdoor meteorological conditions on the indoor PM concentration
In order to understand the PM mass concentration behaviour in elderly residences, we clustered our samples into five groups (Figure 4 ). These clusters were chosen because they represent better the different PM behaviours seen in the residences. The cluster 1 represents the residences (13.6%) with a higher concentration of PM in all sizes. These are residences near to intense vehicular traffic and these samples were collected in days without a precipitation. The cluster 2 represents the measurements made during the precipitation events.
This cluster had the minimum mass concentration in all PCIS stages and describes the most part of the residences (35.6%). All these measurements were made during the days when there was precipitation. The cluster 3 has the residences with more coarse particles (stage A) than the other PM sizes, mainly due to wind speed being higher during the measurements that would have favoured the resuspension of coarse particles (Harrison et al., 2001; Kumar et al., 2015) . The cluster 4 has the same profile like as the cluster 1, but with less mass concentration, whereas the cluster 5 has a different profile with the maximum concentrations in PM 0.5-0.25 (stage D). All the clusters present low mass concentration in the PM 0.5-1.0 (stage C). The major part of the residences (67.8%) presents a peak of concentration in PM <0.25 (stage E), indicating much higher formation and infiltration of finer sized particles in elderly residences. Figure 4 shows the behaviour of size-segregated PM in indoor elderly residences, indicating the highest values of PM <0.25 ; the same trend was also observed in outdoor urban environments. The highest concentration of outdoor PM <0.25 can be expected due to the contribution of elemental and organic carbon (Singh et al., 2003) and sulphates (Freitas and Solci, 2009) , which are generated through combustion process and gas-to-particle conversion (Seinfeld and Pandis, 2016) . Likewise, our 26% of indoor PM <0.25 was represented by rBC (Segalin et al., 2016 ) that consisted mainly the elemental carbon (Seinfeld and Pandis, 2016) , explaining these highest concentrations in indoor elderly residences. Table 3 shows the mean meteorological parameter in each cluster (Figure 4) , taken from the IAG station (Climatological Report, 2016) , which had a mean distance of 13.9 km from the studied residences. All the measurements in cluster 1, and about 64% of the residences in clusters 3 and 4, were sampled in winter (May-July). About 59% of residences in cluster 2, and only 25% in cluster 5, were sampled during this period. At this time of the year, the weather conditions are mostly dominated by the temperature inversions, neither wind nor precipitation, which are not favourable for dispersion of air pollutants (CETESB, 2015; CETESB, 2016) . The cluster 2 represents the most part of samples in days with more strong precipitation than other clusters (Table 3 , the most intense precipitation was in summer and spring. Usually, there are more intense events of precipitation in the MASP between November and March each year, which represents the rainy season (Liebmann et al., 2001; Climatological Report, 2016) . Nevertheless, indoor PM 10 and PM 2.5 mass concentration in 13% and 43% of the elderly residences crossed WHO guidelines, respectively (Figure 2 ). The majority of these exceedances were noted during the months of July and October (SI Figure   S3 ). In July, which represents a winter month, high-pressure weather system (i.e., anticyclones) caused thermal inversions in the lower atmosphere and reduced the wind speed (CETESB, 2015) . In October, which represents a spring month, an atmospheric blocking caused by abnormal activity of subtropical anticyclone of the South Atlantic was observed on the MASP (CETESB, 2015) . During both these months, the weather conditions were favourable to trap the PM close to the surface to result in increasing mass concentration in the region (Sánchez-Ccoyllo and Andrade, 2002).
We also assessed the difference in exceedances between 2014 and 2015. Almost 78% and 70% of the PM 10 and PM 2.5 in elderly residences exceeded WHO guidelines in 2014, respectively (SI Figure S3) . During the period from May to September of 2014 (covering the winter), there were 5% additional days with unfavourable dispersion conditions higher than 2015 (CETESB, 2015; CETESB, 2016) . This occurred mainly due to stable weather conditions during the winter that limited the dispersion of pollutants and hence increased the PM concentrations (Climatological Report, 2016; Sánchez-Ccoyllo and Andrade, 2002) . 
Indoor and outdoor relationship
The I/O ratio is widely used since this provides a direct relationship between the PM mass concentrations in indoor and outdoor environments (Chen and Zhao, 2011) . We calculated the distances between the residences and CETESB's station to find the closest station to each residence. After this, we take the PM 10 (SI Tables S1) and PM 2.5 (SI Tables S2) data from these stations to the same period of sampling in the residences with PCIS. The stations with less than 16 hours of valid diurnal measurements were excluded (CETESB, 2015) . Due to this criterion, eight residences had their closest station with invalid data to the sampling period with PCIS, and therefore we used the second nearest station. Figure 5a shows the indoor and outdoor PM 10 mass concentration measured for all the 60 residences. About 40% of residences had the indoor PM 10 higher than those outdoors. Among these residences, 6 had precipitation event during the sampling period. A possible explanation to high indoor PM 10 compared with outdoors, may be due to the fact that the elderly closed the windows during the rain hours. The elderly residences have only natural ventilation and their I/O mean is 1.06 (Figure 5b ). Goyal and Kumar (2013) showed I/O ratio for PM 10 in kitchen and canteen with natural ventilation as 1.33 and 1.47, respectively. In our elderly residences, the I/O rate is lower, presumably because of the measurements being carried out in the living room with no direct sources of PM 10 emissions. The highest I/O was found for the sample #27 due to the construction, as we discussed in Section 3.1. If we overlook the sample #27 from the calculations, the I/O becomes 0.99, showing almost similar concentrations of indoor and outdoor PM 10 .
As for the PM 2.5 , about 77% of elderly residences have more PM 2.5 mass concentration than the outdoors (Figure 6a ). The I/O for PM 2.5 was found to be 1.89, higher than the PM 10 , probably due to the effect of internal sources such as cooking and smoking on fine particles in the studied residences (Chao and Wong, 2002) . These results also suggest that there are more production and/or penetration of fine particles inside the residences, coupled with greater deposition of coarse particles indoors compared with outdoors (Jones et al., 2000) . The I/O ratio for PM 2.5 presents 2 peaks at the samples #27 and #5 (Figure 6b ). Chen and Zhao (2011) reported very high I/O ratios for PM 2.5 in the presence of indoor combustion sources and smoking; however, this was not the case in residences #5 and #27. The higher I/O ratios for sample #5 can be due to vehicular emissions since this residence was between two large avenues with intense road traffic (Av. Consolação and Av. Nove de Julho) where 21% of PM <0.25 was found to be rBC (Segalin et al., 2016) . Therefore, the vehicular traffic seems to have made important influence to bring the observed differences in PM 2.5 mass concentration.
The residence #27 had a high I/O ratio for PM 2.5 due to the construction work (Section 3.1) and the emissions from heavy construction machinery appear to have contributed to the observed difference .
In order to understand the indoor/outdoor relationship between the mass concentration of PM 10 and PM 2.5 , we established correlations in the form of Pearson and Spearman coefficients. The Pearson's coefficient evaluates the linearity between variables (Wilks, 1995) whereas the Spearman's coefficient evaluates an increase or decrease in one variable as a function of another variable (Wilks, 1995) . As can be seen from SI Table S3 , the Pearson's coefficient was low for both the PM 10 and PM 2.5 . These relationships suggest that there is no linear relationship between indoor and outdoor PM. However, Spearman's coefficient is higher than Pearson's coefficient, suggesting that indoor mass concentration of PM can increase or decrease non-linearly with the outdoor PM mass concentration. This is possible since the sources of particles are usually different in indoor and outdoor environments (Jones et al., 2000) . Likewise, the relationship between coarse and fine particles inside the elderly residences was found showing a low linear correlation (R 2 = 0.39; SI Figure S4 ). The comparison of our results with the literature suggests the similar nonlinear relationship between coarse and fine particles, with a low R 2 value between PM 2.5 and PM 10-2.5 being <0.30 (Wilson and Shu, 1997) . Such a correlation is expected due to the fact that the formation and removal processes of fine and coarse particles in the atmosphere are different (Heal et al., 2012; Seinfeld and Pandis, 2016) .
Respiratory deposition doses (RDD)
The estimation of RDD for PM size-segregated is important to better understand the deposition of PM in the respiratory tract. We calculated the RDD for elderly male and female during a light exercise and a seated position (Figure 7 ). Elderly usually do not carry out heavy exercise in their residences and thereby justify our choice of physical activity. We found higher RDD in male than female for the same physical activity (Figure 7 ). This result was expected because male intakes larger tidal volume than females and hence inhale more PM (Hinds, 1999; Section 2.5) . This difference in intakes is because males have larger bodies than females; for example, the elderly males in our study were 10 cm taller and 5 kg heavier than the females.
The RDD is higher during the light activity than in seated position (Figure 7) . It is because the light activity increases the frequency of breath and hence increases the deposition of PM in the respiratory tract (Hinds, 1999 ; Section 2.5). Table 4 shows the mean proportion of differences between RDD in male and female, using the RDD for males as a reference. The higher difference between RDD in male and female is in seated position. For example, fine particles RDD (sum of RDD in PM 1.0-2.5 , PM 0.5-1.0 , PM 0.25-0.5 and PM <0.25 ) are 20% and 6%
higher in males for seated and light exercise positions, respectively. The highest RDD difference was found in PM <0.25 which represented almost 29% and 17.2% higher deposition in males for seated and light exercise positions, respectively. This finding is concerning since these smaller particles show harmful effects on the human health compared with more coarse particles (Heal et al., 2012; Kumar et al., 2014; Han et al., 2016) and can favour deposition of endotoxin in pulmonary alveoli (Padhi et al., 2016) .
Among the studied size bins, the largest RDD was found to be for the coarse particles (PM 2.5-10 ), followed by PM 1.0-2.5 and PM <0.25 ( Figure 7) . We summed the RDD in all stages, except in PM 2.5-10 , in order to estimate the RDD to fine particles for comparison purposes (SI Table S4 ).
The RDD for coarse particles were observed to be up to 5% and 10% higher than those for fine particles during both the light exercise and seated positions for female and male elderly, respectively (SI Table S4 ). However, when we calculated the RDD directly based on the PM 2.5 mass concentration an opposite trend was seen, i.e., the RDD of fine particles was greater than those for coarse particles (Figure 8 ). This change occurred because the DF is dependent on the mean particles diameter which was taken as 1.25 µm for PM 2.5 , rather than the mean diameters taken as 1.75, 0.75, 0.38 and 0.13 µm for PM 1.0-2.5 , PM 0.5-1.0 , PM 0.25-0.5 and PM <0.25 , respectively, to estimate the DF. These results suggest that the knowledge of size-segregated diameter is necessary for estimating the accurate deposition fraction (Section 2.5) that has a direct influence on the RDD outcome.
Summary and conclusions
We measured the indoor mass concentration of size-segregated particles in the 0.25-10 µm size range in 5 size bins using a PCIS from 59 elderly residences in the MASP. The aims were to characterise size-segregated PM mass concentration in elderly residences, assess the impact of the meteorological parameters on the behaviour of indoor PM concentrations, evaluate the PM mass concentration indoor and outdoor relationship, and estimate the RDD.
We evaluated the mass concentration of these particles by gravimetric method and compared to PM 10 (sum of all sizes) and PM 2.5 (sum of all sizes, except PM 10-2.5 ) daily guidelines recommended by the WHO and CETESB. We clustered the samples into five groups in order to understand the PM indoor behaviour and evaluate the impact of the meteorological factors.
We compared indoor measurements with outdoor measurements from fixed CETESB stations.
We also calculated the PM deposition fraction in the respiratory tract for female and male elderly seated and light exercise positions.
Our results show that the mean value of measured PM 10 and PM 2.5 in elderly residences in MASP are 35.2 and 27.4 µg m -3 , respectively. Both the PM 10 and PM 2.5 inside the elderly residences exceeded the WHO's guidelines in 13% and 43% of residences, respectively.
About 78% of PM 10 is composed by PM 2.5 and 38.5% is composed by PM <0.25 . These findings suggest that the elderly people in the MASP have disproportionately high concentrations of fine particles indoor where they spend almost 80% of their total daily time.
The majority of the residences (67.8%) showed the maximum concentration in the PM <0.25 .
This suggests that there is a significant production or infiltration of finer size particles in the majority of the elderly residences. The cluster analysis suggested increased concentrations of fine particles in the elderly residences, which were in the close proximity of the heavy road traffic during the days of no precipitation. The unfavourable (stable) weather conditions limiting the dispersion of PM and can favour the increase of the indoor PM 10 and PM 2.5 . The effect of the construction site was evident on PM <0.25 mass concentration through a residence that was next to an active construction site. Smoking cigarettes is another factor that could have contributed to increased PM <0.25 mass concentration inside the elderly residences.
The I/O ratio for PM 10 was found to be 1.06; 40% of residences showed higher indoor PM 10 than those outdoors. The I/O for PM 2.5 was found to be 1.89; about 77% of elderly residences showed higher indoor PM 2.5 than those outdoors. This means that the production of fine particles indoor can be very high in the majority of the residences.
The RDD of all size-segregated PM were found to be higher for males than for females during the light exercise and seated positions, mainly because the respiratory rate is higher in male than female during both the physical activity conditions. The highest RDD was found to be higher for the coarse particles, followed by PM 1.0-2.5 and PM <0.25 . The sum of the RDD for fine particles, based on the size-segregated PM, was found to be lower than those for coarse particles during both activities. Although the coarse particles showed higher RDD the deposition rates the harmful effects are higher for the fine particles which were found in appreciable quantities.
The above findings suggest a necessity for routine indoor air quality monitoring and design targeted legislation and control measures to limit exposure to PM in different size ranges in the elderly residences of the MASP. Our findings also provide a solid basis for designing remediation actions for indoor PM concentrations in the elderly residences and consequently mitigate their adverse effect on human health. Such actions are important because the population is ageing faster in the MASP, and in general worldwide, and this population group is relatively more sensitive to air pollution impacts. Further studies on chemical analyses of size-segregated PM in elderly residences are recommended to assess the specific sources of PM in such residences. There is also need for the development of lighter and noiseless personal instruments than the PCIS, enabling personal exposure measurements of this fragile population for longer periods. PM 10 , PM 2.5 Urban residences
• I/O ratios were greater for PM 2.5 than PM 10 ;
• Residences close to heavy traffic have more PM mass concentration. Elderly urban residences
both have a ratio >1 • Indoor PM 10 and PM 2.5 has a mean of 35.2 and 27.4 μg m -3 , respectively.
This study 
